Collagen XXIII is a member of the transmembranous subfamily of collagens containing a cytoplasmic domain, a membrane-spanning hydrophobic domain, and three extracellular triple helical collagenous domains interspersed with non-collagenous domains. We cloned mouse, chicken, and human ␣1(XXIII) collagen cDNAs and showed that this non-abundant collagen has a limited tissue distribution in non-tumor tissues. Lung, cornea, brain, skin, tendon, and kidney are the major sites of expression. In contrast, five transformed cell lines were tested for collagen XXIII expression, and all expressed the mRNA. In vivo the ␣1(XXIII) mRNA is found in mature and developing organs, the latter demonstrated using stages of embryonic chick cornea and mouse embryos. Polyclonal antibodies were generated in guinea pig and rabbit and showed that collagen XXIII has a transmembranous form and a shed form. Comparison of collagen XXIII with its closest relatives in the transmembranous subfamily of collagens, types XIII and XXV, which have the same number of triple helical and non-collagenous regions, showed that there is a discontinuity in the alignment of domains but that striking similarities remain despite this.
Tissues use specific sets of collagens, often synthesized simultaneously, to achieve and maintain particular functional properties. Most collagens are secreted and assembled within the extracellular environment; however, a growing subclass of collagens are transmembranous and inserted into the plasma membrane in a type II orientation to extend their extracellular collagenous domains from the cell surface.
The subclass of transmembranous collagens currently includes types XIII, XVII, XXIII, and XXV, summarized in a recent review (1) . The group has also been referred to as the MACITs for membrane-associated collagens with interrupted triple helices (2) . Type XIII collagen, the first member of the group identified (3) , has an important function in muscle tissue. Engineered genetic mutations in the Col13a1 gene in one case causes cardiovascular defects (4) and in another causes abnormal skeletal muscle myofibers with progressive myopathy that is worsened by exercise (5) . Type XIII collagen mediates cell attachment through integrin ␣1␤1 but does not interact through another common collagen receptor, ␣2␤1 (6). The second transmembranous collagen to be identified was type XVII (7), which was known for many years as bullous pemphigoid antigen 2 and BP180 prior to the elucidation of its collagenous nature. Being a component of the hemidesmosome (8) , type XVII collagen provides structural integrity to the cornea (9 -11) and skin (12) , clearly demonstrated by mutations in the COL17A1 gene that cause epidermolysis bullosa (13, 14) . Our laboratories added collagen XXIII to the family of transmembranous collagens by identifying a human EST 3 and using its sequence to clone a fragment of chicken collagen XXIII cDNA to examine its expression in cornea (15) . We also cloned the full-length mouse collagen XXIII cDNA sequence and deposited it into GenBank TM (accession number AF410792). Cloning and expression of the rat and human ␣1(XXIII) cDNAs revealed evidence that (i) the molecule is shed from the cell surface by selective proteolysis suggesting an involvement of furin and (ii) that the expression is up-regulated with metastatic potential in prostate cancer cell lines (16) . For collagen XXV, the newest member of the group, mRNA could be specifically detected in neurons and has been identified as a component of the senile plaques characteristic of Alzheimer disease (17) .
Here we present the strategies for obtaining mouse, chicken, and human ␣1(XXIII) collagen cDNAs. The sequences and domain structures of the orthologs were compared as were the distribution and abundance of the mRNA in mature and developing tissues. The protein was examined in tissues using polyclonal antibodies generated in guinea pig and rabbit against the ectodomain of mouse collagen XXIII. The antibodies revealed that some tissues contain mostly the full-length transmembranous form, whereas in other tissues the shed ectodomain is the major form of collagen XXIII.
MATERIALS AND METHODS

Identification and Cloning of ␣1(XXIII) Collagen cDNAs-
Stretches of amino acid sequences, derived from specific domains in the FACIT collagen types, were used as queries to perform BLAST searches (18) to pick up related, but unique, collagen cDNAs in the human dbEST (19) . A unique clone (GenBank TM accession number W22262) was identified that encodes a portion of a triple helical domain and 18 amino acid residues of a non-collagenous domain with strong resemblance to type XIII collagen. The clone was obtained, completely sequenced, and assigned the next available number in the collagen family, ␣1(XXIII) (see supplemental material). In total, the composite full-length human ␣1(XXIII) collagen cDNA is 3,060 nucleotides and was assigned GenBank TM accession number AY898961.
The human sequence was used to search mouse ESTs, and clone AW323570 was identified. After extending the cDNA sequence by 5Ј-RACE using mouse lung cDNA, an overlap was found with a 5Ј-end EST (GenBank TM accession number AW494383). The primary structure of the entire mouse ␣1(XXIII) collagen mRNA was verified by PCR and sequence analysis and was submitted to GenBank TM under accession number AF410792. To obtain the initial chick cDNA, primers derived from nearly identical regions in the human and mouse sequences were used to amplify 13-day chick embryo corneal cDNA. A small chick ␣1(XXIII) collagen cDNA of ϳ100 bp was obtained and reported in the 2000 ARVO meeting abstracts issue of the journal Investigative Ophthalmology and Visual Science (15) . The complete chick ␣1(XXIII) collagen cDNA was deposited in GenBank TM under accession number AY876377 (for cloning see supplemental material).
The ExPASy Sim program from the Search Launcher at the Baylor College of Medicine Human Genome Sequencing Center website (found at searchlauncher.bcm.tmc.edu/) was used to align polypeptide chains. For the comparison of the longest version of the human ␣1(XXIII) collagen polypeptide (accession number AY158895), human type XIII collagen (accession number AJ293624), and human type XXV collagen (accession number NM_198721), placement of amino acid residues was biased to align conserved exons in each collagen type in an effort to reflect areas of conserved gene structure (see supplemental material). To accomplish this, the exon/intron structure of each gene was determined using GenBank TM tools. Tissues-Human placenta, lung, and kidney total RNA were purchased from Clontech. Human cornea was from Lions Eye Bank of Oregon (Portland, OR), and human amnion was from Marie France Champliaud-Steiner (formerly of Cutaneous Biology Research Center, Massachusetts General Hospital). All tissues were immediately frozen in liquid nitrogen until RNA isolation, which was accomplished using TRIzol TM (Invitrogen) following the manufacturer's instructions. On-column DNase digestion was performed on the RNA as outlined in appendix D instructions in the RNeasy TM minikit handbook from Qiagen. Human donor corneal epithelial, stromal, and endothelial cDNAs were kindly provided by Mitch Watsky, Sally Twining, and Kim Vaughn. Human immortalized corneal epithelial cells (20) (a gift from Dr. Fu-Shin Yu with permission of Dr. K. Araki-Sasaki), lung and esophageal cell lines A549 and HET-1A (a gift from Drs. C. S. Yang and L. Chen), esophageal cell line SEG-1 (from Drs. C. S. Yang and L. Chen with permission of Dr. David Beer), and the SKGT4 cell line (also from Drs. C. S. Yang, Luke Chen, and Xiaochun Xu with permission of Dr. David Schrump) were grown in culture, then scraped from plates, and used for RNA isolation. Mouse cornea, lung, skin, and sterna were dissected for RNA isolation; bone and tendon were purchased from Pel-Freeze Biologicals. RNA from human cell lines and all mouse tissues was isolated using Qiagen RNeasy kits. For chick tissue, corneas were dissected from 7-, 9-, 11-, 13-, and 15-day embryos. With the exception of the 7-day corneas, epithelia were removed from the stromal/endothelial layer with EDTA and dispase, and RNA was isolated as described previously (21) . For all tissues collected, RNA was quantified by absorbance measured at 260 nm.
PCR, RT-PCR, and Relative RT-PCR-Routine 30-cycle amplifications were as described previously (21) . RACE reactions were as performed previously (22) with modifications as described by Koch et al. (23) . With the exception of the human corneal epithelial, stromal, and endothelial mRNA, all other human relative RT-PCRs were performed in the linear range using the non-radioactive method described by Koch et al. (23) . The human primers were AACATTCAAGAGTATGCC-CACC and CACACAGTGATCTCCATCTACACGG (944-bp product). Products were run on ethidium-containing agarose gels and photographed with an Eagle Eye II digital camera. Relative RT-PCR to quantitate mRNA abundance in mouse and chick tissues as well as in human corneal epithelium, stroma, and endothelium was done incorporating radioactive nucleotide into the product as described previously (23, 24) . Human collagen XXIII primers were TAACATTCAAGAGTATGCC-CACC and AGGTTCTTACAGGGCAGTA (240-bp product). Mouse collagen XXIII primers were GACCTGGAGAACCAG-GACTCGATG and CATCCAAACGGATCTGTACAGGTC (247-bp product). Chick collagen XXIII primers were GGAG-AAATGGGCTTATCGGGT and CGGGTAAGCCAATGAG-CCCT (215-bp product). PCR was performed for 29 cycles in the linear amplification range for fragments. Bands were cut from gels, and radioactivity was counted. The collagen XXIII signal was normalized by dividing it by radioactivity counts of the attenuated 18 S product (Ambion primer to Competimer ratio, 1:20) or, for chick, by the radioactivity counts of the glyceraldehyde-3-phosphate dehydrogenase product. The resulting normalizations are called "adjusted cpm." Because all primers were tested for optimal amplification capability and samples for each species were amplified using one master mixture and run on the same gel, the histograms show the relative differences between the amplified products.
Whole Mount and Tissue Section in Situ HybridizationTwo probes were generated by RT-PCR (Clontech) using the following primer pairs: forward CCCAAGTTCAGCACG-CTTC and reverse T7-CCATGAATGGAGCAGGAGCTAG and forward TCCAAGGTCCCAAGGGCCTG and reverse T7-CTGTCCAGCCTCACCTGAGCC. The whole mount in situ hybridizations was done as described previously (25) , and section in situ hybridizations were performed with digoxigeninlabeled riboprobes using a semiautomated TECAN Genesis robot platform applying the Genepaint system (26) . Both probes stained equivalent structures.
Recombinant Expression of ␣1(XXIII) Collagen in Human Embryonic Kidney (HEK) 293-EBNA Cells-The full-length ␣1(XXIII) collagen cDNA could not be amplified in one piece so an AvrII site was incorporated without altering the amino acid sequence at positions 45-49. The 5Ј-fragment was amplified using a KpnI sequence linked to CTGAGTCT-GAGCGGGCGGCTAGG as the sense primer and an AvrII sequence linked to GGTCCCGGGTAGCC as the antisense primer. The 3Ј-fragment was amplified with forward primer GGGACC linked to TCTGGACGGC through an AvrII sequence and, as reverse primer, an XhoI sequence linked to CTTATGCCAGCAACCAGGCACAGG. PCRs were done on mouse lung cDNA in 6% Me 2 SO using Long Expand DNA polymerase (Roche Diagnostics). The products were ligated (Rapid DNA ligation kit, Roche Diagnostics) into a modified pCEP-Pu vector carrying a 3Ј FLAG and His 6 tag. The ectodomain expression plasmid was generated by inserting the SPARC (secreted protein, acidic and rich in cysteine) signal peptide coding sequence (27) between the HindIII and NheI sites in pCEP-4 (provided by Ernst Poeschl) and then inserting the collagen XXIII ectodomain amplified from mouse lung cDNA. The sense primer was an NheI sequence linked to ACAGGCGGCCGCCCTGCATGGCC, and the antisense primer was an XhoI sequence linked to CTTATGCCAG-CAACCAGGCACAGG. Cloned and expanded products were sequenced to verify their identities. Transfection experiments and protein purification were done as described previously (22) . The vectors containing the collagen XXIII cDNAs were introduced into HEK 293-EBNA cells (Invitrogen) by transfection with the reagent FuGENE 6 (Roche Applied Science) according to the manufacturer's recommendations. The cells were selected with puromycin (1.25 g/ml), stably transfected HEK 293-EBNA cells were pseudo-subcloned, and the highest protein-producing clones were expanded.
Use of Collagen XXIII Ectodomain for Antibody ProductionAntibodies against mouse collagen XXIII were produced as described previously (28) . Briefly for large scale protein production, the ectodomain-transfected cells were transferred to serum free Dulbecco's modified Eagle's medium/F-12 with Glutamax TM (Invitrogen) supplemented with 250 M L-ascorbic acid and 450 M L-ascorbic acid 2-phosphate. The collected cell culture supernatant was supplemented with 1 mM phenylmethylsulfonyl fluoride (Sigma) and, after filtration, was passed over a gelatin-Sepharose column (GE Healthcare) before being applied to a TALON metal affinity resin column (BD Biosciences). The recombinant protein was eluted stepwise with Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 8.0, 150 mM NaCl) containing 40 -250 mM imidazole. After dialysis against TBS the protein was used for immunization of two rabbits and two guinea pigs following standard procedures. The antisera collected from animals weeks later were purified by affinity chromatography on a column with antigen coupled to CNBractivated Sepharose (GE Healthcare). The specific antibodies were eluted with 150 mM NaCl, 0.1 M triethylamine, pH 11.5, and the eluate was neutralized with 1 M Tris-HCl, pH 6.8.
Solid Phase Assay-The specificity of the antibodies against collagen XXIII was confirmed in solid phase assays. The ectodomains of collagens XIII and XXV and the unrelated His-tagged protein unc5h2 were expressed and purified using the same method as used for collagen XXIII ectodomain production described above. The purified proteins were diluted in TBS, pH 7.4, and 10 g/ml (500 ng/well) were coated overnight at 4°C onto 96-well plates (Nunc Maxisorb). After washing with TBS, nonspecific binding sites were blocked with 5% skim milk powder in TBS for 2 h at room temperature. Serial dilutions of the affinity-purified anti-collagen XXIII antibodies in blocking buffer (1:300 -1:100,000) were added to wells and incubated for 1.5 h. Bound primary antibodies were detected with secondary antibody that was either swine antirabbit horseradish peroxidase-coupled IgG (DakoCytomation) or rabbit anti-guinea pig horseradish peroxidase-coupled IgG (Sigma). For enzymatic reaction, 50 l/well 0.25 mM tetramethylbenzidine and 0.005% (v/v) H 2 O 2 in 0.1 M sodium acetate, pH 6.0 were incubated for 10 min. The reaction was stopped with 50 l/well 2.5 M H 2 SO 4 , and the absorbance was measured at 450 nm using a microplate reader (Labsystems Multiscan MS). For analysis, comparably treated wells, but without addition of primary antibody, were used to tare measurements from antibody-treated wells.
Protein Isolation from Tissues and Western Blot AnalysesTissues were dissected from adult C57BL/6J mice and immediately frozen in liquid nitrogen. For extraction the tissues (200 mg/experiment) were thawed on ice and weighed, and 5 volumes (ml/g of wet tissue) of chilled extraction buffer (TBS, 1% Nonidet P-40, 2 mM EDTA, and proteinase inhibitor mixture (Complete, Roche Applied Science)) were added before homogenization using a Polytron tissue homogenizer (Kinematica). Insoluble material was subsequently removed by centrifugation. Western blots of tissue extracts gave high background; therefore, immunoprecipitation was done with antibody generated in one species (e.g. guinea pig) followed by Western blotting the immunoprecipitate and detecting it with antibody generated in the other species (e.g. rabbit). For immunoprecipitation, clarified tissue extracts were preincubated with 50 l/ml gelatin-Sepharose resin for 1 h at 4°C to remove proteins that nonspecifically bind to Sepharose. The tissue extracts were then incubated overnight with 5 g/ml polyclonal guinea pig anti-collagen XXIII ectodomain antibody covalently coupled to CNBr-activated Sepharose. Following the removal of unbound material, the immobilized antibody-antigen complexes were split, and one part was subjected to collagenase digestion (see below) whereas the other part was treated identically but without the addition of collagenase. Antibody-bound collagen XXIII was eluted from the Sepharose using the high pH elution method described above, and the eluates were concentrated in a SpeedVac concentrator (Savant). After reduction the immunoprecipitates were separated by 10% SDS-PAGE and subsequently blotted on nitrocellulose membranes using standard procedures. The concentrated collagen XXIII was detected using the rabbit polyclonal anti-collagen XXIII ectodomain antibody followed by incubation with an horseradish peroxidase-coupled swine anti-rabbit IgG (DakoCytomation). Lumi-nescence was visualized using the ECL Plus TM Western blotting detection reagents (GE Healthcare).
Collagenase Digestion-To confirm the specific detection of collagen XXIII in extracts from tissue homogenates, the antibody-precipitated protein was subjected to collagenase digestion as described previously (29) . The incubation with 100 units/ml highly purified bacterial collagenase (CLSPA, Worthington Biochemicals) was carried out in 250 l of TBS containing 5 mM CaCl 2 and 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (Roche Applied Science) for 4 h at 37°C.
The reaction was stopped by adding EDTA to a final concentration of 20 mM.
Immunohistochemistry-Immunohistochemistry was performed on frozen OCT-embedded sections of embryonic mouse tissues preincubated in ice-cold methanol for 2 min, blocked for 1 h with 5% normal goat serum in phosphate-buffered saline containing 0.2% Tween 20, and incubated with the guinea pig collagen XXIII primary antibody overnight at 4°C. This was followed by Cy TM 3-conjugated goat antiguinea pig IgG (DakoCytomation). Alexa 488-conjugated goat antirabbit IgG (Molecular Probes) was used as secondary antibody for costaining rabbit collagen XXIII polyclonal antibody or detecting laminin 5 polyclonal antibody. Stained sections were analyzed, and pictures were taken with a confocal laserscanning microscope (Leica TCS SL) using two lasers in parallel with the excitation wavelengths 488 nm for Alexa488 and 543 nm for Cy3.
RESULTS
␣1(XXIII)
Collagen cDNAs-A BLAST search (18) of the dbEST (19) with triple helical sequences of FACIT collagens yielded a novel human EST clone (GenBank TM accession number W22262), which was purchased and sequenced. 5Ј-RACE extended the clone, and further data base searching revealed the 5Ј-end. The composite fulllength human cDNA (GenBank TM accession number AY898961) encodes a unique collagen of 503 amino acid residues that strongly resembled type XIII collagen. It was assigned the next available number in the collagen family at the time, ␣1(XXIII). A BLAST search with the human sequence identified a mouse IMAGE clone (accession number AW323570), which was sequenced and extended by RACE. The mouse ␣1(XXIII) cDNA sequence encodes 533 amino acid residues and was deposited in GenBank TM under the accession number AF410792. Degenerate nucleotide primer pairs, designed from stretches of identical amino acids in mouse and human, were used to amplify a chick corneal cDNA, yielding an ϳ100-bp product (15) . BLAST searching of chicken ESTs yielded a partial Gallus cDNA (BU270831) (30) , which was used to identify FIGURE 1. Amino acid sequence of the mouse (Mu), rat (Ra) (16), human (Hu), and chick (Ch) ␣1(XXIII) collagen chains aligned using the ExPASy Sim program. Amino acids are shown in the rat, human, and chick polypeptides only where they differ from the mouse sequence. A hyphen indicates a gap where there is no residue in a particular chain to align with the others. The non-collagenous domains are highlighted in gray, and the transmembrane (TM) domain is shown in bold letters. The two glycine-substituted triplets are bold and highlighted in gray. The GenBank TM accession numbers are: mouse, AF410792; rat, AY158896; chick, AY876377; our human cDNA, AY898961; and previously published human cDNA, AY158895 (16) .
overlapping chicken genomic clones in the data base. The composite in silico derived cDNA was then amplified and sequenced from chick corneal mRNA, and the sequence was deposited in GenBank TM under accession number AY876377. The polypeptides encoded by the mouse, chick, and human cDNAs are shown in Fig. 1 along with the sequence of the rat (16) . The cDNAs define three triple helical collagenous (Col) domains and four non-collagenous (NC) domains within the polypeptide numbered from the amino to the carboxyl end to make the designations consistent with the closest relatives in the collagen family (types XIII and XXV).
The mouse and chick ␣1(XXIII) collagen NC1 domains are slightly shorter than the human 120-residue NC1 domain (Fig.  1) . In all species, the amino termini do not have characteristics of signal peptides but instead have stretches of hydrophobic residues typical for membrane-spanning regions (31) . The short amino-terminal cytoplasmic stretches of the orthologous molecules are quite different in length and amino acid composition. The Col 1 domain of mouse, rat, and the previously reported human (16) ␣1(XXIII) collagen is 189 amino acid residues in length. In all the mammalian cDNAs, the Col 1 domain contains one Gly-X-Y triplet in which the glycine is exchanged by a serine or asparagine. The chicken collagen XXIII lacks this triplet and thus has a perfect Gly-X-Y triplet structure in Col 1 domain. The newly obtained human cDNA encodes a 150-instead of a 189-amino acid residue Col 1 domain. This difference may reflect alternative splicing of collagen XXIII mRNA, a feature prevalent in the related collagen XIII mRNA (32) (33) (34) (35) (36) .
In human, mouse, and rat, the Col 2 domain is 75 residues, and the Col 3 domain is 111 residues in length. The chicken Col 2 domain contains one more triplet than the mammalian orthologs. A conserved feature in the Col 3 domains of all four species is a glycine-substituted triplet, SER (Ser-Glu-Arg). However, although all species contain at least one glycine-substituted triplet, there are no Gly-X-Gly-X-Y or Gly-X-Y-X-Y imperfections in any of the triple helical domains.
The NC2 domain is 14 amino acid residues in all species and is highly conserved. The 16-residue NC3 domain is conserved in mouse, rat, and human, but in the chick, where the domain is only 11 residues, conservation is moderate at best. Very high conservation, however, is again observed in the 18-residue carboxyl NC4 domain of all four species.
Expression of Collagen XXIII mRNA in Immortalized Cell Lines-Because collagen XXIII expression is up-regulated in rat metastatic prostate carcinoma cell lines (16), we tested whether collagen XXIIII mRNA was expressed by various immortalized human cell lines. The first tested were SEG-1 (a Barrett-associated adenocarcinoma cell line), SKGT4 (an esophageal epithelial adenocarcinoma), A549 (a non-small cell lung adenocarcinoma cell line), and the SV40-transfected esophageal epithelial cell line HET-1A. All express the ␣1(XXIII) mRNA (Fig. 2) although to a lesser extent than they express EMMPRIN mRNA, a molecule up-regulated in epithelium-derived tumor cells (37) . The HET-1 and the SKGT4 cells expressed collagen XXIII mRNA to about the same degree. The lung adenocarcinoma expressed somewhat less, whereas the Barrett-associated adenocarcinoma had the highest expression. The finding that collagen XXIII is expressed by immortalized prostate cell lines (16) , the four immortalized cell lines tested here, and a fifth cell line, SV40 and adenovirus immortalized human corneal epithelial cells (see below), suggested that collagen XXIII might be widely expressed. This, however, was not the case for in vivo tissues.
Tissue Distribution of ␣1(XXIII) Collagen mRNA-RNA from a selection of human organs was surveyed to determine the spatial distribution of collagen XXIIII. Strong signals for ␣1(XXIII) collagen mRNA were seen in human amnion, lung, and cornea (Fig. 3A) . Kidney and placenta yielded very minor signals. This suggests that collagen XXIII may be limited in distribution. Human donor corneal cDNA, prepared from RNA isolated from separated epithelial, stromal, and endothelial layers, showed that the corneal epithelium and endothelium contain significant amounts of ␣1(XXIII) collagen mRNA, whereas the corneal keratocytes (i.e. differentiated stromal fibroblasts) synthesized almost none (Fig. 3B) .
The distribution and abundance of ␣1(XXIII) mRNA in mouse connective tissues and lung were analyzed. In initial experiments, the level of collagen XXIII mRNA was found to be very low compared with ␣1(I) and ␣2(I) collagen mRNAs (data not shown); therefore, ␣1(XXIII) mRNA was compared with the minor fibrillar ␣1(V) collagen chain. By relative semiquantitative RT-PCR (Fig. 3C) , mouse lung contained the highest amount of the ␣1(XXIII) collagen mRNA. The mRNA was also present in cornea, skin, and tendon but was hardly detectable in long bone (femur) and sternal cartilage. Taken together, these results suggest that ␣1(XXIII) collagen mRNA is expressed by a limited number of organs, is a relatively non-abundant species, and, assuming comparable amplification efficiency for ␣1(XXIII) and ␣1(V), is generally present at levels lower than ␣1(V) collagen mRNA. 
␣1(XXIII) Collagen
Collagen XXIII mRNA Expression during Development-The cornea achieves transparency through a defined developmental expression pattern that includes fibrillar and non-fibrillar collagens. The expression pattern of collagen XXIII mRNA was examined at important time points in chick corneal development. Whole 7-day cornea mRNA was assessed as was mRNA from separated corneal epithelial and stromal/endothelial layers at embryonic days 9, 11, 13, and 15. By day 7, ␣1(XXIII) collagen mRNA is already present in the cornea as seen in Fig. 4 . Because at day 9, expression is present in the stromal/endothelial layer but not in the epithelium, it is likely that the day 7 collagen XXIII mRNA signal is derived from the stromal/endothelial layer as well. And if the chick expression is similar to human expression, the 7-and 9-day signals may reflect mRNA predominantly from just the endothelium. By embryonic day 11, the pattern switches, and the amount of mRNA present in the epithelium is about the same as that of the stromal/endothelial layer. From this point on, the steady state level of ␣1(XXIII) mRNA appears to fluctuate around a value equal to about one-half the amount of glyceraldehyde-3-phosphate dehydrogenase mRNA. The same ␣1(XXIII) mRNA levels were also found at embryonic days 17 and 19 (data not shown).
Whole mount and tissue section in situ hybridizations were used to examine expression of ␣1(XXIII) collagen mRNA during mouse development. At E10.5 (Fig. 5A) , hybridization is seen in the branchial arches and faintly in tail somites. At E11.5 (Fig. 5, B and C) the mRNA is present in tail somites, limbs, and slightly in brain. At E12.5 (Fig. 5D ), in addition to the limb and tail hybridization, collagen XXIII mRNA signal is in the interdigital membrane where apoptosis will ultimately occur. Whisker follicles hybridize strongly. Branchial arch hybridization is, however, waning. On sections of tissue, hybridization in the E14.5 embryo shows collagen XXIII mRNA in the dura mater, brain, tongue, heart, and pharynx (Fig. 5E ). Dura mater, umbilical cord, heart, gut, and lung signals are shown at higher magnification in Fig. 5 , F-J. In addition, skin sections show that collagen XXIII mRNA is concentrated in the cells of the whisker (Fig. 5K) and hair (Fig. 5L) follicles.
Tissue-specific Distribution of Collagen XXIII Protein-Recombinantly expressed mouse collagen XXIII ectodomain was used to generate antibodies in rabbit and guinea pig. To assess the veracity of the recombinant protein, it was tested for collagenase sensitivity with highly purified bacterial collagenase (Fig. 6A) . To monitor collagenase activity, the FLAG tag antibody was used on immunoblots of ectodomain treated and untreated with collagenase. The FLAG tag allows detection of the carboxyl-terminal NC4 domain produced by collagenase digestion because it prevents the small NC4 domain from running off the gel by adding ϳ10 kDa in apparent molecular mass.
Antibodies were affinity-purified, and their specificity was assessed by cross-reactivity against the structurally related ectodomains of collagens XIII and XXV using solid phase assays (Fig. 6, B and C) . To further exclude cross-reactivity against the His tag, which was used to purify the proteins, the His-tagged (but structurally unrelated) protein unc5h2 was included in the solid phase assays. The results indicate that the polyclonal antibody against collagen XXIII produced in guinea pig reached saturation at a dilution of 1:10,000 on collagen XXIII ectodomain and showed no cross-reactivity against the ϩ RNA, glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was used for normalization. For the 7-day (d) sample, whole corneal RNA was used. For embryonic days 9, 11, 13, and 15, the epithelium (epith.) was removed from the stromal/endothelial (endo.) layer with dispase and EDTA prior to RNA extraction and poly(A) ϩ RNA isolation (25) .
other tested proteins (Fig. 6B) . The polyclonal antibody produced in rabbit displayed a limited cross-reactivity against the ectodomain of collagen XIII, but at appropriate dilutions (1:10,000) its reactivity against collagen XXIII was about 100 times the cross-reactivity with collagen XIII (Fig. 6C) .
To analyze the tissue-specific distribution of collagen XXIII in adult mouse tissue, extracts of brain, skin, lung, cartilage, muscle, and kidney were immunoprecipitated with the guinea pig anti-mouse collagen XXIII antibody. The immunoprecipitated material was then Western blotted for reaction with the collagen XXIII antibody generated in rabbit. (This resulted in signals that were much cleaner than if tissue extracts were directly Western blotted.) As a positive control (Fig. 7) , recombinant collagen XXIII was isolated from HEK 293 cells, which produce both the 68-kDa full-length form (arrow) and the 58-kDa shed form (black arrowhead). In mouse organs, skin and kidney contain almost exclusively the full-length form of the molecule. Lung contains mostly full-length form, but some shed material was detected as well (black arrowhead). Brain on the other hand contains almost no full-length transmembranous form. All appears to be processed to two forms: one is the expected size of the shed form, and the other is a lower molecular weight species that might represent additional processing (open arrowhead). Cartilage contains no collagen XXIII, and muscle has little. In skin, lung, muscle, and kidney, a ϳ130-kDa band is seen that may represent non-reduced dimeric chains. In all tissues expressing collagen XXIII, the specific signal band was eliminated by digestion with highly purified bacterial collagenase. However, a higher molecular weight band appears (indicated by asterisks in Fig. 7) . This likely represents a noncollagenous domain of collagen XXIII that is non-reducibly cross-linked to some other component. Such cross-linking might only become visible after collagenase digestion because, when not digested, the cross-linked product is too large to migrate into the gel. Fig. 8 shows mouse E18.5 epithelial tissue cryosections (mouth facial skin, A-H; oropharynx and tongue, I-L; and small intestine, M-P) stained with each collagen XXIII antibody and with a laminin 5 antibody to assess the location of collagen XXIII in the tissues. By merging the signals from the guinea pig-derived and rabbit-derived antibodies (Fig. 8, C, G , K, and O) it is seen that both anti-collagen XXIII antibodies immunostain the same structures. The guinea pig antibody, however, reacts better with hair follicle cells than the one generated in rabbit (see Fig. 8C ). Preincubation of the antibodies with excess recombinant collagen XXIII ectodomain abolished A, hybridization is first seen faintly in E10.5 somites. B and C, by E11.5, collagen XXIII mRNA is seen in the somites and in limbs and faintly in brain. D, at E12.5, strong hybridization is also found in the interdigital membranes where apoptosis will occur and in the whisker follicles. E, an E14.5 whole embryo section where brain, dura mater, tongue, heart, and pharynx contain collagen XXIII mRNA. F, enlarged view of dura mater signal. G, umbilical cord. H, magnified heart signal. I, gut. J, lung. K, whisker follicle collagen XXIII signal. L, E15.5 skin section showing hybridization in hair follicles. sm, somites; ws, whisker follicle; im, interdigital membrane; ht, heart; tg, tongue; dm, dura mater. the signals (data not shown). In addition, co-staining of tissues for collagen XXIII and laminin 5, a basement membrane component, was performed, indicating that the collagen XXIII expression is restricted to the epithelial layer. The collagen likely interacts with the basement membrane, but it is not a component deposited into the basement membrane (Fig. 8, D, H, L, and P). Also collagen XXIII is absent from the dermal layer except for the hair follicles (Fig. 8, A-H) .
Comparison of Human ␣1(XXIII) with ␣1(XIII) and ␣1(XXV) Collagens-The transmembrane collagens, type XXIII, type XIII, and type XXV, show a high degree of homology in their domain organization. They all contain three triple helical collagenous domains flanked by four noncollagenous domains with the transmembrane domain located in the NC1 domain. To examine the conservation between this subfamily, the amino acid sequences of human ␣1(XXIII) collagen were aligned with human collagens ␣1(XIII) and ␣1(XXV), using a best fit derived from alignments predicted by the ExPASy Sim program, coupled with a bias to align conserved exons derived from gene analyses ( Fig. 9 and supplemental material). In the short cytoplasmic portion there is low conservation between the collagens XXIII, XIII, and XXV. Of the 26 amino acids that overlap in this domain in all chains, 4 amino acids are identical (15.4% identity), and an additional 4 residues are conservative changes (30.8% similarity). The transmembranous portions of NC1 domains are 26, 23, and 25 amino acid residues, respectively, for ␣1(XXIII), ␣1(XIII), and ␣1(XXV) collagens. 6 residues are identical across the chains (26%), and 2 other residues are conserved (34.8% similarity). In the 48 amino acids overlapping from the 60-, 60-, and 68-residue extracellular portions of the NC1 domains, 35.4% of the amino acid residues are identical, and 50% show similarity. The highest homologies can be detected around the putative furin cleavage site in the NC1 domain where 78% of the amino acid residues are identical. On the nucleotide level, this region contains a 30-bp stretch highly conserved between ␣1(XIII) and ␣1(XXV).
Surprisingly by using the conserved exon structure bias, the triple helical domains of these three collagens do not align analogously. As suggested by the colors in the schematic depiction in Fig. 9 , residues in the Col 1 domain of collagen XXIII are related to regions in both the Col 1 and Col 2 domains of the collagens XIII and XXV, whereas sequences from both the ␣1(XXIII) Col 2 and 3 domains are analogous to residues within just the Col 3 domain of types XIII and XXV collagens. Consequently there is no equivalent of the collagen XIII/XXV NC2 domain in collagen XXIII. What is found instead is that the 14-residue ␣1(XXIII) NC2 domain is most related to the 20-and 22-residue NC3 domains of ␣1(XIII) and ␣1(XXV) collagens (represented by royal blue lines in Fig. 9 ). The 11 residues that overlap between the NC2 domain of collagen XXIII and the NC3 domains of collagens XIII and XXV show 45.5% identity and 72.7% similarity. In addition, the collagen XXIII NC3 domain also resembles the NC3 domains of types XIII and FIGURE 6. Sensitivity of recombinant collagen XXIII to collagenase treatment and specificity of antibodies. A, recombinantly expressed FLAG-tagged collagen XXIII ectodomain was split into two aliquots for application to a 4 -20% gradient SDS-polyacrylamide gel under reducing conditions. One aliquot was treated with highly purified bacterial collagenase prior to loading. B and C, specificity evaluation of collagen XXIII antibodies by solid phase assays. Polyclonal guinea pig (B) and rabbit (C) anti-collagen XXIII antibodies were tested in serial dilutions on microtiter plates coated with the ectodomains of collagens XIII, XXIII, and XXV or the unrelated His-tagged protein unc5h2. m, mouse; ecto, ectodomain. XXV. Thus, within collagen XXIII, the NC2 and NC3 domains are related (discussed later).
As for the triple helical domains, the amino-most 54 residues of the ␣1(XXIII) Col 1 domain have similarity with the Col 1 domains of collagens XIII and XXV (see yellow-green in Fig. 9 ). The 33 residues that overlap in all 3 chains, display 48.5% identity and 60.6% similarity. The carboxyl-most 132 residues of the ␣1(XXIII) Col 1 domain are related to the Col 2 domains of collagens XIII and XXV (colored light blue in Fig. 9 ). Here 107 residues overlap in the three chains with 53.3% identity and 57% conservation of amino acids. The Col 2 domain of type XXIII collagen has similarity with the amino-most 102 resides of the ␣1(XIII) Col 3 domain and with the amino-most 78 resides of the ␣1(XXV) Col 3 domain ( pink). Of the overlapping 69 amino acids 39 are identical (56.5%), and 44 are conserved (63.8%). The remainder of the collagen XIII and XXV Col 3 domains 
DISCUSSION
Collagen XXIII cDNAs have now been sequenced from four different species, three mammalian and one avian. The region in the collagen XXIII chain with the most species variability is the cytoplasmic domain followed by the latter half of Col 1 domain. Also the chick Col 1 domain lacks a glycine-substituted triplet that is present in the other species. Offsetting these differences are several notable regions of conservation in ␣1(XXIII) collagen chains from the four species: the transmembranous region and Col 2, NC3, and Col 3 domains are highly conserved across the three mammalian species, and all four species show high conservation in their NC2 and NC4 domains.
The cDNAs from all species predict that the ␣1(XXIII) collagen polypeptide lacks a typical signal sequence and is inserted in the plasma membrane in a type II orientation (this work and Ref. 16 ) as is true for the transmembranous collagen types XIII, XVII, and XXV (1) . Clearly by the number of triple helical and noncollagenous domains, within this transmembranous collagen subfamily collagen XXIII is not highly similar to collagen XVII but is related to collagens XIII and XXV. Therefore, we examined the homology more closely (Fig. 9) . The highest conservation was detected in the Col 3 and NC4 domains, but local areas throughout the chains show similarity. Surprisingly the best alignment resulted when the Col 1 domain of type XXIII was aligned with both the Col 1 and Col 2 domains of types XIII and XXV and when both ␣1(XXIII) Col 2 and Col 3 domains were aligned with just the Col 3 domain of the related collagens. Thus, the collagen XXIII NC2 domain is not homologous with the NC2 domains of the collagens XIII and XXV but instead is homologous with their NC3 domains. This highlights a major difference among these members: collagen XXIII does not have a region analogous to the NC2 domains in collagens XIII and XXV. Because the number of triple helical domains is conserved in these three transmembranous family members, but the linear arrangement of comparable sequence is different between collagen XXIII versus collagens XIII and XXV, it suggests that after the collagen XXIII gene separated from a collagen XIII/XXV precursor gene, one or both genes experienced shuffling or insertions of exons to evolve into the current gene structures. And comparing the area around the furin cleavage site and the NC3 domains suggests that collagen XXIII may be closer to collagen XXV than to collagen XIII in local regions.
There is increasing evidence that coiled-coil domains within the non-collagenous NC domains of transmembrane collagens serve as oligomerization sites used to fold distinct areas of the forming molecules, thus facilitating trimerization. Hydrophobic residues in appropriate positions in heptad repeats have been reported in the NC1 and NC3 domains of collagens XIII, XXIII, and XXV (38, 39) . These are proposed to locally aid in folding the triple helical domains, and in support of this idea, it has been shown that ␣1(XIII) chains lacking the coiled-coil region in the NC1 domain incorrectly fold the Col 1 domain but not the Col 2 and 3 domains (38) . These data support the suggestion that folding of Col 2 and 3 domains is assisted by the coiled-coil region in the NC3 domain. However, in these reports, the alignment of collagens XIII, XXIII, and XXV did not take into account the discontinuity shown in Fig. 9 from using conserved exons to dictate alignment, and thus, a coiledcoil region in the collagen XXIII NC2 domain was missed. This is shown in Fig. 10 by adding the collagen XXIII NC2 domain into the alignments of Latvanlehto et al. (38) and McAlinden et al. (39) . This new comparison also indicates a heptad repeat conservation: by aligning the collagen XXIII NC2 domain with NC3 domain of ␣1(XIII), 6 identical (black boxed) and 4 conserved (gray boxed) residues are found in the region with 4 hydrophobic residues in "a" and "d" positions of the heptad repeats. Although the former comparison of the three NC3 domains also yielded 6 identical and 4 conserved residues in the NC stretch, it contained one less hydrophobic residue in an "a" position. Thus, by adjusting the polypeptide comparison of collagens XIII, XXIII, and XXV to consider a discontinuous similarity of the collagenous domains, a third potential coiled-coil region was revealed in a non-collagenous domain of collagen XXIII. Consequently every triple helical domain of ␣1(XXIII) collagen is preceded by an NC domain that can potentially participate in facilitating trimerization.
Collagen XXIII is up-regulated in rat prostate cancer cell lines with increasing metastatic potential (16) . A total of five human immortalized cell lines were tested here, and all expressed the mRNA, suggesting that the molecule may be a marker for transformed cells in a fashion similar to what is observed for EMMPRIN (40 -42) . In contrast, the tissue distribution of collagen XXIII mRNA in normal human and mouse tissues is narrow. Collagen XXIII is most prevalent in lung followed by cornea, skin, tendon, and amnion. Minor amounts of mRNA were found in kidney and placenta. This distribution once again highlights the fact that many of the more recently discovered collagens are not most abundant in fibrous connective tissues but rather are found in organs where extracellular matrix is important but limited in quantity (for a review, see Ref. 43 ). We generated polyclonal antibodies against mouse collagen XXIII ectodomain in two species, guinea pig and rabbit. Immunofluorescence analysis revealed that collagen XXIII is a component of many epithelia, i.e. epidermis, epithelia of the small intestine, oropharynx, and the dorsum of the tongue. In addition hair follicles are positive for collagen XXIII. Co-staining with laminin 5 revealed that collagen XXIII is not a component of basement membranes but displays a cell surface staining pattern indicating that the full-length transmembranous form is prevalent in those tissues. Comparison of the immunofluorescence data (E18.5) with in situ hybridizations performed at earlier (E12.5-14.5) embryonic stages supports the finding that collagen XXIII is found in developing hair follicles and the epithelia of the pharynx and small intestine. In contrast, the in situ hybridizations show no signal in the epidermis. This implies that expression of the protein in the developing epidermis occurs at later developmental stages. On Western blots, the full-length polypeptide runs at an apparent molecular mass of 68 kDa, and the shed form runs at 58 kDa. Tissues such as skin appear to contain only the full-length form, whereas brain appears to have almost no full-length form at all. In addition to the shed collagen XXIII in brain, there is also a smaller band, which may represent further processing of collagen XXIII. This requires future investigation. Interestingly shedding is emerging as a common phenomenon in cell surface proteins believed to have a role in the interaction of cells with their extracellular matrix. It is not only a property of the transmembranous collagens (1, 17, 44) but also of molecules such as syndecan (45, 46) and EMMPRIN (47, 48) .
Currently the function of collagen XXIII is unknown and can only be inferred. We do know that it is expressed not only in mature adult tissues but also in developing organs. The developmental expression of collagen XXIII in the chick cornea, in concert with the data from the human cornea, suggests possible roles for the molecule. In the human cornea, the ␣1(XXIII) collagen mRNA is present in the epithelium and endothelium but only in trace quantities in the stroma. Thus, collagen XXIII is probably not involved in stromal transparency. The stromal/ endothelial expression of chick ␣1(XXIII) collagen mRNA by day 7 is likely to be solely endothelial and suggests that collagen XXIII may be important in the production and/or assembly of Descemet membrane, which is visible by electron microscopy 2 days later. Moreover the later synthesis of the mRNA by the epithelium is consistent with the timing for establishing Bowman layer, a matrix that develops in the acellular zone under the epithelium around embryonic day 12 (49) . Descemet membrane and Bowman layer are matrices that interface with the stromal matrix, and at these interfaces, the structural stability of the extracellular matrix is enhanced compared with the central stroma (50) . Therefore, collagen XXIII may assist in enhancing the stability of the corneal interfacial matrix areas. The expression of collagen XXIII during mouse development also suggests a possible function for the molecule: collagen XXIII may have some involvement in the cascade of events that removes the interdigital membranes. The mRNA is expressed around the same time as the bone morphogenetic protein cascade that ultimately separates the digits.
In conclusion, we have presented the full-length sequences of mouse, chick, and human collagen XXIII polypeptides and have demonstrated that lung, cornea, and skin are major expressers of the ␣1(XXIII) collagen mRNA and protein. Polyclonal antibodies were generated, and they revealed the size of the fulllength and shed forms of the polypeptide. Several types of cells are able to synthesize the molecule. Epithelial cells of several tissues make the mRNA and protein. It is likely that in lung, alveolar epithelial cells are also the source of the collagen. Because tendon is a source of the mRNA too, some types of fibroblasts express collagen XXIII as well. This is not universally true, however, because collagen XXIII mRNA is found in only trace amounts in human corneal fibroblasts and in mouse dermis. Because collagen XXIII is expressed on epithelial cell surfaces, it may play a role in the formation or maintenance of cell-cell contacts or in the polarization of epithelial cells.
